ABSTRACT: Adverse neurologic outcome, including cerebral palsy, is a significant contributor to long-term morbidity in preterm neonates. However, the mechanisms leading to brain injury in the setting of a preterm birth are poorly understood. In the last decade, there has been a growing body of evidence correlating infection or inflammation with preterm birth. The presence of intrauterine inflammation significantly increases the risk for adverse neurologic outcome in the neonate. These studies were performed to elucidate the early signal transduction pathways activated in the fetal brain that may result in long-term neurologic injury. Using our mouse model of localized intrauterine inflammation, the activation of TH1/TH2 pathways in the placenta, fetus corpus, fetal liver, and fetal brain was investigated. Additional studies determined whether activation of TH1/TH2 pathways could promote cell death and alter glial development. Real-time PCR studies demonstrated that a robust TH1/TH2 response occurs rapidly in the fetal brain after exposure to intrauterine inflammation. The cytokine response in the fetus and placenta was not significantly correlated with the response in the fetal brain. Along with an immune response, cell death pathways were activated early in the fetal brain in response to intrauterine LPS. Implicating TH1/TH2 and cell death pathways in permanent brain injury are our findings of an increase in GFAP mRNA and protein as well as a loss of pro-oligodendrocytes. With increased understanding of the mechanisms by which inflammation promotes brain injury in the preterm neonate, identification of potential targets to limit adverse neonatal outcomes becomes possible. (Pediatr Res 59: 50-55, 2006) 
P reterm birth is a major cause of neonatal morbidity and mortality. In the United States, 10 -12% of all pregnancies result in a preterm birth. Infection and/or inflammation is associated with many cases of what was previously described as "idiopathic" preterm birth (1) . Inflammation, as defined by the presence of HCA, has been demonstrated to be present in the majority of early spontaneous preterm births (2) . The existence of intrauterine inflammation in a preterm birth has significant clinical implications as preterm infants born in this setting have an increased risk for adverse outcomes (3, 4) . More specifically, infants born from pregnancies complicated by HCA are at increased risk for neonatal brain abnormalities, such as PVL and intraventricular hemorrhage (IVH) (5) (6) (7) .
Recent clinical data suggest that the presence of HCA in a preterm delivery increases the relative risk for subsequent development of CP (5, 8) . Even in the absence of PVL or white matter damage (WMD), some preterm infants will eventually be diagnosed with CP (9, 10) , suggesting that activation of inflammatory processes affect neurologic development even in the absence of overt structural damage.
Despite the growing body of evidence correlating intrauterine inflammation with adverse neurologic outcome including CP, the precise mechanisms by which localized intrauterine inflammation promotes brain injury remains unclear. It is hypothesized that proinflammatory cytokines within maternal and fetal compartments contribute to neurologic damage in the preterm neonate (5) . Biologically plausible mechanisms by which proinflammatory (TH1) cytokines can induce neuronal injury include the ability of TH1 cytokines to inhibit proliferation of neuronal precursor cells (11) , evoke astrogliosis, a common finding in infants with PVL (12) , and cause inflammation-induced oligodendrocyte loss via activation of cell death mediators (13) . In addition, TH1 cytokines can alter the production of neurotrophins, a family of proteins that is involved in promoting neuronal and glial survival (14, 15) . Whether activation of one or all of these pathways plays a mechanistic role in inflammation-induced brain injury in the preterm neonate is not clear.
We hypothesize that adverse neurologic outcome in the preterm neonate results from the activation of diverse signal transduction pathways culminating in both overt and subtle white matter damage. To understand, and ultimately decrease or prevent adverse neurologic outcome in the preterm neonate, we must elucidate the pathways and precise mechanisms by which localized intrauterine inflammation promotes brain injury. To this end, we have developed a mouse model of localized intrauterine inflammation that consistently results in preterm delivery with no maternal mortality (16, 17) . Using this model, the studies described herein investigate the potential mechanisms by which intrauterine inflammation provokes brain injury. Our aims were to determine whether 1) intrauter-ine inflammation activates a TH1 /TH2 response in the fetal brain, 2) the cytokine profile in the fetus and/or placenta could predict the inflammatory response in the fetal brain, 3) activation of an immune response in the fetal brain is associated with activation of cell death pathways, 4) intrauterine inflammation promotes changes in the production of neurotrophic factors, and 5) activation of these diverse signal transduction pathways resulted in disruption of normal glial development in the preterm fetal brain.
MATERIALS AND METHODS
Animals. CD-1 out-bred, timed-pregnant mice were purchased from Charles River Laboratories (Wilmington, MA). Animals were acclimated in our facility for 3-7 d before use in these experiments. All of the experiments performed were performed in accordance with the National Institutes of Health Guidelines on Laboratory Animals and with approval from the University of Pennsylvania's committee on Animal Use and Care.
Mouse model of localized intrauterine inflammation. Surgery was performed on day 15 of gestation as previously reported (16, 17) Day 15 is 79% of the CD-1 gestation, which corresponds to about 28 -29 wk in the human, a time period of clinical interest. Briefly, using isoflurane anesthesia, the right uterine horn was exposed through a mini-laparotomy. LPS (250 g/mouse in 100 L) from Escherichia coli (L2880, Sigma Chemical Co., St. Louis, MO) or sterile saline (100 L) was then infused into uterine horn with care not to enter the amniotic cavity, as previously described (16, 17) . Previous experiments have demonstrated that animals receiving anesthesia, surgery, and intrauterine infusion with saline do not have preterm delivery and have similar number of live pups as control animals who receive no interventions (16, 17) . For these studies, control animals received anesthesia, surgery, and intrauterine saline. Because our aim was to investigate the early signal transduction pathways involved in fetal brain injury, all specimens were harvested 6 h after intrauterine saline or LPS. From our prior work, we know that, at this time point, an inflammatory reaction is present in the uterus and cervix but preterm labor had not occurred (16, 17) .
On day 15 of gestation, 6 h after intrauterine infusion of saline or LPS, fetal tissue and placentas were collected from the top two gestational sacs in the left uterine horn (the area most remote from LPS injection). The dam was kept under anesthesia while the pups were harvested to limit any confounding effect of uterine hypoperfusion (as would occur with CO 2 asphyxiation). After adequate anesthesia was obtained, in both treatment groups, pups were harvested within 2 min of laparotomy. Pups in the left upper horn were alive at the time of harvest. Six hours after exposure to intrauterine saline or LPS, the following specimens were collected: 1) fetal corpus (whole fetal body without fetal head), 2) fetal liver, 3) fetal brain, and 4) placentas (fetal membranes were dissected off before processing). All tissues were processed for molecular studies as described below. To control for inherent genetic variability in our out-bred strain of mice, each fetal and placental sample is from a different dam.
Quantitative RT-PCR. Quantitative PCR (QPCR) was performed on fetal tissues and placentas to investigate gene expression of TH1/TH2 mediators. Additional QPCR experiments were performed on fetal brains using primers to caspase-1, -3, -8, and -9, apaf-1, GFAP, PLP, and nestin. RNA was harvested from tissues using Trizol (Invitrogen, Carlsbad, CA) and cDNA was generated using random hexamers. Specific primers, conjugated to an MGB probe, were purchased from Applied Biosystems (Foster City, CA). QPCR reactions were carried out using equivalent dilutions of each cDNA sample on the Applied Model 7900 sequence detector PCR machine (PE Applied Biosystems) as previously reported (16, 17) . The relative abundance of the target was divided by the relative abundance of 18S in each sample to generate a normalized abundance for the target transcript. All samples were analyzed in triplicate.
Quantification of neurotrophins. To determine whether intrauterine inflammation had an adverse effect on neurotrophins, we investigated mRNA expression of GNDF, PDGF, BDNF, and CNTF using specific primers and methods as described above for QPCR.
Western blot analysis. To determine the protein expression of caspase-3, apaf-1, PLP/DM-20, and GFAP, Western blot analysis was performed using tissue homogenates from fetal brains harvested 6 h after intrauterine infusion of saline or LPS. Tissues were homogenized and the amount of crude protein present in each sample was determined using the BCA protein assay (Pierce Biotechnology, Inc., Rockford, IL). Forty micrograms of protein were mixed with 2ϫ SDS sample buffer and subjected to SDS-PAGE. The separated proteins were transferred electrophoretically to PVDF membranes. Membranes were blocked in tris-buffered saline with 5% nonfat dried milk powder for 2 h. For caspase-3, an antibody that recognizes caspase-3 protein (35 kD) and activated caspase-3 (19 kD) was used in a 1:100 dilution (#9662, Cell Signaling Technology, Beverly, MA). An anti-rabbit secondary antibody was used in a 1:15,000 dilution. For apaf-1, the antibody (Cell Signaling Technology) used recognizes the 100 kD protein and splice variants in the 120 -140 kD range (primary antibody dilution 1:1000, anti-rabbit secondary in 1:15,000). For GFAP (Chemicon International, Temecula, CA), a 1:1000 dilution was used with an anti-mouse secondary antibody at 1:10,000. For PLP, the antibody (in 1:50, generously provided by Dr. Judith Grinspan) recognizes both the 26 and 20 kD PLP and DM-20 protein, respectively. Blots were incubated overnight with the primary antibody, incubated for 1 h with the secondary antibody and then developed with the ECL system (Amersham Pharmacia Biotech, Piscataway, NJ) to detect antibody-antigen complexes. Protein expression was quantified using the National Institutes of Health imaging software using three to six samples from each treatment group.
Statistical methods. For each QPCR and Western blot experiment, three to nine samples (from different dams) for each treatment group were used. Statistical analysis was performed using the SigmaStat software (SPSS Inc., Chicago, IL) by one-way ANOVA and pair-wise comparison by StudentNewman-Keuls method (SNK) or by t test for normally distributed data. For data that were not normally distributed, ANOVA on ranks with pair-wise comparison by Dunn's method or Mann-Whitney rank sum test were used. Pearson correlation coefficients were computed to evaluate the degree of association in the cytokine response between the different tissue compartments (placenta, fetus corpus, fetal liver, and fetal brain). The cytokine response was differentiated into a proinflammatory response (IL-1␤, TNF-␣, IFN-␥) and an anti-inflammatory response (IL-10, IL-4, IL-13, and IL-6).
RESULTS
Localized intrauterine inflammation activates a TH1 and TH2 response in the fetal brain. Using QPCR, we investigated 16 genes involved in TH1 or TH2 that have either been i) demonstrated to directly evoke brain injury in animal models or ii) implicated in adverse outcomes with preterm birth (Table 1) . Fifteen of 16 genes investigated were significantly up-regulated in fetal brains exposed to intrauterine LPS, with 12/16 mediators being increased 2-fold or more in LPSexposed fetal brains. Statistical analysis comparing mean mRNA expression between two treatment groups: † t test; § analysis by Mann-Whitney rank sum.
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Inflammatory response in the fetal brain does not mimic what is occurring in the fetus. Observational studies have suggested that a fetal inflammatory response is the mechanism by which fetal brain injury occurs in inflammation-induced preterm birth (18) . Therefore, to determine whether the potent TH1/TH2 response observed in the fetal brains exposed to LPS was directly related to a cytokine response in the fetus proper. We investigated the same 16 genes in the fetus corpus (Table 1) . Whereas mRNA for 11/16 genes were significantly up-regulated in the fetus corpus, only 9/16 were increased 2-fold or more.
We also assessed whether the cytokine response in either the fetal liver or placenta mirrored the response in the fetal brain ( Table 2 ). For the placental and liver studies, we investigated those mediators that were the most dramatically elevated in the fetal brain. Intrauterine LPS resulted in a dramatic elevation of both TH1 and TH2 mediators from the placenta, with IL-10, a key TH2 cytokine being almost 100-fold increased in placentas from LPS-treated dams (Table 2 ). Fold increases in cytokine levels were the most elevated in placental tissue (Table 2 ). Between the different tissues, there was significant variability in the LPS-induced up-regulation of cytokine levels. Statistical analysis failed to demonstrate a significant correlation between the cytokine response in the placenta and fetal tissues, the fetus corpus and fetal brain, or fetal liver and fetal brain (data not shown). Of note, 10 mediators were more elevated in the brain than in the fetus corpus.
Cell death pathways are activated in fetal brains in response to intrauterine inflammation. Because IL-1␤ and TNF-␣ have been demonstrated in vitro to induce neuronal cell death via activation of several of the caspases (19, 20) , we explored the involvement of caspase genes in inflammationinduced fetal brain injury. Four members of the caspase gene family were investigated, all of which were significantly increased in the fetal brains exposed to intrauterine LPS compared with saline ( Fig. 1) . In addition, caspase-3 protein was elevated in fetal brains exposed to LPS (Fig. 2) . Because caspase-3 activation appears to be dependent on apaf-1, we also investigated the effect of intrauterine inflammation on apaf-1 expression in fetal brains. Intrauterine LPS resulted in a significant increase in both apaf-1 mRNA and protein expression in fetal brains exposed to intrauterine LPS (Figs. 1  and 3 ).
Exposure to intrauterine inflammation increases several neurotrophic factors. Because there is a paucity of data regarding the effect of intrauterine inflammation on other factors in the CNS that could modulate neuronal development, we investigated several neurotrophic factors known to be involved in glial development. We found that mRNA expression of select neurotrophins, essential for glial development Placentas and fetuses were harvested from left upper uterine horn. Fetus corpus is the whole fetus without the fetal head. The fetus corpus and fetal liver specimens were collected from different sets of experiments. The fetal liver was dissected from the fetal body. The fetal brain was dissected from the cranium. Three to six samples per treatment group were used for analysis. All values for the placenta, fetal liver, and fetal brain were statistically significant (p Ͻ0.05). p Values for the fetus are listed in Table 1 . Quantitative PCR for mediators of cell death. Bars represent means Ϯ SE for each target (n ϭ 6 for saline and n ϭ 9 for LPS). Statistical analysis demonstrated that caspase-1, -3, -8, and -9 (*p Յ 0.001, Mann-Whitney rank sum for all caspases) mRNA expression was significantly elevated in LPSexposed fetal brains. APAF mRNA was also significantly increased (p Յ 0.001, t test) in LPS-exposed fetal brains (shaded bars) compared with saline (solid bars). and maturation, were all significantly increased in fetal brains exposed to intrauterine LPS (Fig. 4) .
Activation of inflammatory pathways results in a reactive astrocytosis and a decline in pro-oligodendrocytes. Abnormal proliferation of astrocytes and a loss of oligodendrocytes are believed to contribute to white matter damage in the preterm infant (21, 22) . Astrogliosis can be assessed by the amount of GFAP that is present in the brain (12) . Because mature oligodendrocytes are not present in the mouse brain until the postnatal period (23), a marker of immature or prooligodendrocytes is necessary to determine whether intrauterine LPS can affect the development of this cell line. PLP is the major myelin protein of the CNS. DM-20 is produced by alternative splicing of the PLP gene and is expressed earlier in gestation than PLP (24) . DM-20 and PLP are expressed in E12 mice brains and DM-20 serves as a marker of mature and immature oligodendrocytes (25) . Nestin, an intermediate filament protein expressed early in neurodevelopment, is increased in the presence of brain injury and correlates with reversion to a more immature neural phenotype (26) . Using QPCR, we demonstrated that GFAP and nestin mRNA were both significantly increased in fetal brains exposed to intrauterine inflammation (Fig. 5) . In contrast, PLP mRNA was significantly decreased in fetal brains exposed to intrauterine LPS (Fig. 5) . Glial development was significantly altered at the protein level as GFAP protein expression was significantly increased in LPS-exposed fetal brains (Fig. 6) . Using an established antibody to PLP/DM-20 (27) , we also demonstrated that expression of both the 20 and 26 kD protein is significantly decreased in LPS-exposed fetal brains (Fig. 7) . The same fetal brain specimens were used for the PLP and GFAP Western blot analysis (Figs. 6 and 7) .
DISCUSSION
By using a model of localized intrauterine inflammation, we are able to closely approximate what occurs clinically in many cases of preterm birth. With this model, preterm delivery occurs by 20 h (16, 17) . We harvested fetal brains from dams 6 h after intrauterine infusion of LPS to determine the early signal transduction pathways triggered in the developing fetal brain. At this time point, proinflammatory cytokines are increased in both the uterus and cervix (16) . We hypothesized that the increased production of cytokines in maternal compartment would be sufficient to activate inflammatory pathways in the fetal brain. These studies demonstrated, that early after intrauterine infusion of LPS, that a potent TH1/TH2 response is triggered in the fetal brain. Associated with this robust immune response was the activation of cell death pathways, proliferation of astrocytes and loss of oligodendrocyte precursors.
Various animal models have been created in an effort to elucidate the mechanisms by which intrauterine inflammation results in adverse neurologic outcome. Similar to others, our model is one of localized intrauterine inflammation which attempts to more accurately mimic what is observed in human preterm birth (17,28 -30) . Some models in this group do not result in preterm delivery (29, 30) . Signal transduction pathways involved in the emptying of the uterus and/or labor itself may have an affect on the fetus and the fetal brain. Our model elicits an inflammatory response in the uterus as well as causing preterm delivery (16, 17) and, therefore, serves as a IL-1␤ and TNF-␣, traditional proinflammatory cytokines, have been associated with adverse neonatal outcomes in preterm births (5) . These studies sought to explore beyond these traditional proinflammatory cytokines and to elucidate the involvement of both TH1 and TH2 cytokines in the pathogenesis of inflammation-induced brain injury. The rapid activation of both a TH1 and TH2 response in fetal brains exposed to intrauterine LPS observed in this study suggest that these responses play an early and crucial role in preterm brain injury. Prolonged activation of a TH1 response is implicated in white matter damage in active inflammatory states within the CNS (31) . In contrast, TH2 cytokines or agents that augment a TH2 response have been demonstrated to ameliorate disease progression (32, 33) . Our findings of diverse upregulation of TH1/TH2 pathways, at an early time point in the fetal brain, warrants further investigations into which of these mediators are essential for inducing and/or preventing neurologic injury.
The observed cytokine response in the fetal brain has been hypothesized to be secondary to a systemic fetal inflammatory response (34) . In support of this hypothesis are observational studies that have demonstrated a correlation between elevated cord blood cytokine levels and the presence of histologic chorioamnionitis, as well as CP (2, 35) . Interestingly, we found that several of the TH1/TH2 mediators were more elevated in the brain than in the fetus corpus. These studies failed to demonstrate a significant correlation in the cytokine response between the different tissue compartments. While our results demonstrate that localized intrauterine inflammation can promote an immune response in the placenta, fetus, and fetal brain, our studies suggest that these responses may be specific to each tissue. Extrapolated to the clinical realm, our results suggest that cord blood and/or neonatal serum cytokine levels may be inaccurate predictors of what is occurring in the fetal brain. We hypothesize that select mediators (i.e. IL-6, CD28), elevated in the fetus/fetal liver, may be sufficient to disrupt the blood brain barrier and result in an inflammatory response that is specific to the fetal brain.
Cell death mediators have been implicated in inflammationinduced oligodendrocyte loss (13) . These studies demonstrate that exposure to intrauterine LPS results in the activation of apoptotic pathways. In other animal models, the presence of histologic evidence of cell death is variable and is usually not observed until 24 -48 h post insult (29, 30) . Considering the early time point (6 h) investigated in our study, we did not expect histologic evidence of cell death.
An abnormal proliferation of astrocytes and a loss of normal white matter have been implicated as part of the mechanism of adverse neurologic outcome in the preterm neonate (36, 37) . Inasmuch as oligodendrocyte maturation and subsequently myelination in the E15 mouse are delayed compared with the same gestational time period in the human (28 -29 wk), these current studies cannot fully assess how intrauterine inflammation may affect white matter development. However, by using PLP/DM-20 as a marker of cells destined to become oligodendrocytes (38) and nestin as a marker of an immature neural phenotype (26, 39) , these studies do suggest that exposure to intrauterine inflammation alters glial development. In fact, by using the same fetal brain specimens, these studies demonstrated that within the same brain, there is evidence of astrogliosis and a loss of pro-oligodendrocytes. These studies support the hypothesis that early disruption of astrocytes and oligodendrocytes in the preterm brain contribute to adverse neurologic outcome in preterm neonates.
In conclusion, we demonstrated that multiple signal transduction pathways are activated in the fetal brain very rapidly after exposure to intrauterine inflammation. By using a model that reproduces both intrauterine inflammation and preterm delivery, we are able to correlate these findings to human preterm delivery. These studies identify mechanisms by which brain injury occurs in the preterm neonate exposed to intrauterine inflammation. With increased understanding of these mechanisms, identification of potential targets such as TH2 cytokines, apoptotic inhibitors, and/or neurotrophins, to limit adverse neonatal outcomes can begin.
